spontaneous spike bursts that persist and become more regular in the presence of fast synaptic blockers, which include the non-NMDA receptor antagonist, CNQX (10 @M), the NMDA receptor antagonist, APV (50 @M), and the GABA A receptor antagonist, gabazine (10 @M) (Hayar et al. 2004a ). These results suggest that fast synaptic transmission might not be required for bursting; however, it may regulate the timing of the occurrence of the bursts. Indeed our recent study (Hayar et al. 2005) showed that the bursting activity of ET cells that are associated with the same glomerulus may be synchronized by coincident excitatory input as well as correlated bursts of inhibitory inputs.
The roles of ionotropic glutamatergic and GABAergic synaptic input in regulating the temporal structure of ET cell bursting discharge are unknown. ET cells receive glutamatergic synapses from olfactory nerve terminals and GABAergic synapses from periglomerular (PG) cells, which receive direct excitatory input from ET cells (Hayar et al. 2004b ). Olfactory nerve terminals may initiate synchronized activity within a single glomerulus by providing a common excitatory input to ET cells, whose dendrites extensively ramify throughout a single glomerulus (Hayar et al. 2004a) . Moreover, periglomerular (PG) cells, which greatly outnumber ET cells, 4 provide a powerful synchronized feedback inhibition to ET cells. Such inhibition is likely to play a role in regulating the temporal dynamics of ET cell spike bursts. By adjusting the amplitude and timing of spike bursts, or the number of spikes/burst, synaptic inputs can exert characteristic changes in the operation of glomerular network.
The purpose of this study was to investigate the impact of fast excitatory and inhibitory synaptic inputs on the bursting of ET cells. We therefore examined the changes in spike dynamics that are produced by agonists and antagonists of ionotropic GABA and glutamate receptors. Our results indicate that the timing of bursts and the number of spikes in bursts, which are among the most important determinants of ET cell output, are constantly adjusted by activation of GABA and glutamate receptors.
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Materials and Methods
Sprague-Dawley rats (21 -29 days old), of either sex, were decapitated in accordance with Institutional Animal Care and Use Committee and NIH guidelines. The olfactory bulbs were removed and immersed in sucrose-artificial cerebrospinal fluid (sucrose-aCSF) equilibrated with 95% O2-5% CO2 (pH = 7.38). The sucrose-aCSF had the following composition, in mM: 26 NaHCO 3 , 1 NaH 2 PO 4 , 2 KCl, 7 MgCl 2 , 0.5 CaCl 2 , 20 glucose, 0.4 ascorbic acid, 2 sodium pyruvate, and 234 sucrose. Horizontal slices (400 @m thick) were cut with a microslicer (Ted Pella, Redding, CA). After a period of recovery at 30 °C for 15 min, slices were then incubated at room temperature (22 °C) in aCSF equilibrated with 95% O 2 -5% CO 2 (composition in mM:
124 NaCl, 26 NaHCO 3 , 3 KCl, 2 MgCl 2 , 2 CaCl 2 , 0.4 ascorbic acid, 2 sodium pyruvate, and 20 glucose), until used. For recording, a single slice was placed in a recording chamber and continuously perfused at the rate of 1.5 ml/min with normal aCSF equilibrated with 95% O 2 -5% CO 2 . All recordings were performed at 30 °C. Neurons were visualized using an upright microscope (Olympus BX50WI, Tokyo, Japan) equipped with differential interference contrast optics.
Extracellular recordings (loose patch) were obtained using pipettes (resistance was 5 -8 M ) filled with aCSF. Pipettes were pulled from borosilicate glass capillaries with an inner filament (1.5 mm o.d., Clark, Kent, UK) on a pipette puller (P-97, Sutter Instrument Company, Novato, CA). Recordings were made in voltage clamp mode using an Axopatch 200B amplifier (Molecular Devices, Sunnyvale, CA). Drugs and solutions of different ionic content were applied to the slice by switching the perfusion with a three-way electronic valve system. Gabazine (SR95531), 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), and (±)-2-amino-5-phosphopentanoic acid (APV) were purchased from Research Biochemicals International (Natick, MA). The concentrations of blockers used in this study (APV, 50 @M; CNQX, 10 @M; gabazine, 10 @M) have been shown previously to effectively and selectively block, NMDA, non NMDA, and GABA A receptors, respectively, in juxtaglomerular neurons (Hayar et al. 2004b (Hayar et al. , 2005 . Analog signals were low-pass filtered at 2 kHz (Axopatch 200B), and digitized at 5 kHz using a Digidata-1322A interface and pClamp9 software (Molecular Devices, Sunnyvale, CA).
Spike detection was performed off-line using Mini analysis program (Synaptosoft Inc, Decatur, GA). The times of occurrence of events were stored in American Standard Code for Information
Interchange (ASCII) files and imported into Origin 7.0 (Microcal Software Inc., Northampton, MA) for further analysis using algorithms written in LabTalk. Custom designed computer algorithms were used off-line to evaluate the pattern of bursting of spikes throughout the experiments by measuring the following parameters: overall firing frequency, bursting frequency (defined as the number of bursts/sec), spikes/burst, intra-burst frequency (defined as the frequency of spikes within a burst), and burst duration (defined as the time interval between the first and the last spike in a burst). A burst of spikes was defined as a series of 2 or more consecutive spikes that had inter-spike time intervals of < 75 ms (i.e. an inter-spike time interval of > 75 ms was considered to signal the beginning of another burst). A moving average of each parameter (over 1 min) was also computed in order to dampen fast variations and evaluate the mean of each parameter in different conditions. Data, expressed as mean ± SEM, were statistically analyzed using paired t-tests (Origin 7.0 software) or One Way Repeated Measures (RM) ANOVA followed by post hoc comparisons of individual burst properties using NewmanKeuls (N-K) test (SigmaStat software), as indicated in the text. Difference in distributions was analyzed using Kolmogorov-Smirnov test (K-S test, Clampfit 9.2 software).
RESULTS
ET cells are the only juxtaglomerular cells that exhibit spontaneous spike bursting; they are readily identified in extracellular recordings and their activity is stable and can be monitored for prolonged periods of time, whereas bursting undergoes rundown in whole-cell recordings (Hayar et al. 2004a) . We have previously shown (Hayar et al. 2004a ) that bursting in ET cells become more regular when fast synaptic transmission is blocked with APV, CNQX and gabazine, referred to here as fast synaptic blockers. The following experiments investigate in detail how endogenous glutamate and GABA modulate the properties of the spike bursts.
Blocking fast synaptic transmission weakens bursting by decreasing the number of spikes/burst
We first tested the effect of blocking both excitatory and inhibitory fast synaptic transmission on the bursting properties of 6 ET cells. In particular, we tested whether the strength of bursting (evaluated as the number of spikes/burst) could be modulated by fast synaptic input. We also quantified several other parameters such as burst duration, and the frequencies of spikes, bursts, and spikes within the bursts (see Methods for details).
Simultaneous application of CNQX, APV and gabazine in 6 ET cells (Figs. 1, 3 ) reduced the number of spikes/burst from 5.2 ± 0.4 spikes/burst to 3.9 ± 0.4 spikes/burst, the overall firing frequency from 9.2 ± 0.9 spikes/sec to 6.3 ± 0.8 spikes/sec, and the intra-burst frequency from 102 ± 13 Hz to 75 ± 12 Hz (p < 0.01, paired t-tests). In contrast, the fast synaptic blockers did not change significantly the burst duration (control: 42 ± 3 ms; blockers: 40 ± 3 ms, p = 0.13, paired t-test) or the inter-burst frequency (control: 1.8 ± 0.2 bursts/sec, blockers: 1.7 ± 0.2 bursts/sec, p = 0.30, paired t-test). These results confirm our previous findings that fast synaptic blockers do not change the burst frequency (Hayar et al. 2004a) , and extend these findings by showing that synaptic blockers significantly reduce the number of spikes/burst.
Blocking fast inhibitory synaptic transmission enhances bursting by increasing the number of spikes/burst
The previous results do not distinguish whether GABA and glutamate exert similar or opposing modulatory actions on bursting. We therefore investigated the effect of separately 12, p < 0.001, K-S tests). The mean number of spikes/burst was slightly increased by gabazine from 4.6 ± 0.4 bursts/sec to 5.5 ± 0.4 bursts/sec (n = 12, p < 0.01, One Way RM ANOVA followed by N-K test). The overall firing frequency was also significantly increased from 7.7 ± 1.4 to 8.5 ± 1.4 Hz (n = 12, p < 0.01, One Way RM ANOVA followed by N-K test). These findings indicate that tonic activation of GABA A receptors regulates the number of spikes/burst, but does not control the bursting frequency or duration.
GABA A receptor activation inhibits bursting or reduces the number of spikes/burst
In contrast to glutamate, it is unknown how GABA affects the excitability of ET cells through GABA A receptors. The finding that gabazine increases the number of spikes/burst (see above) suggests that endogenously-released GABA, might serve to weaken the burst by limiting the number of spikes/burst. This hypothesis was further tested by examining the effect of the GABA A receptor agonist isoguvacine (10 @M) on the bursting properties of 6 ET cells in the presence of APV and CNQX. In 7 of 10 cells, isoguvacine inhibited bursting completely whereas in the remaining 3 cells, isoguvacine decreased the number of spikes/burst by 52 ± 1.5% (from 4.3 ± 1.2 spikes/burst to 2.1 ± 0.7 spikes/burst, n = 3 of 10, paired t-test, p < 0.05, Fig. 2 ) without significantly changing the bursting frequency (control: 5.2 ± 1.2 bursts/sec, isoguvacine: 4.8 ± 1.2 bursts/sec, n = 3 of 10, paired t-test, p = 0.8). In the presence of CNQX, APV and gabazine, isoguvacine (10 @M) produced no effect on the burst properties (n = 4; p > 0.05, paired t-test),
indicating that the inhibitory effects of isoguvacine were due to activation of GABA A receptors.
These results suggest that that activation of GABA A receptors might inhibit or shunt the bursting of ET cells.
Blocking excitatory fast synaptic transmission reduces the strength of bursting
In the presence of gabazine, additional application of APV (50 @M, n = 12) did not have a significant effect on any of the bursting parameters studied (Fig. 1, 3 ). In the presence of gabazine and APV, application of CNQX (10 @M) significantly shifted the distribution of the number of spikes/burst toward lower values (n = 12, p < 0.001, K-S test, Fig. 1C ), and significantly reduced the mean number of spikes/burst from 5.2 ± 0.4 spikes/burst to 3.3 ± 0.4 spikes/burst (n = 12, p < 0.001, One Way RM ANOVA followed by N-K test). Moreover, CNQX reduced the overall firing frequency from 8.0 ± 1.1 spikes/sec to 5.8 ± 1.2 spikes/sec (n = 12, p < 0.001, One Way RM ANOVA followed by N-K test ), the burst duration from 48 ± 5 ms to 33 ± 4 ms (n = 12, p < 0.001, One Way RM ANOVA followed by N-K test ), and the intraburst frequency from 92 ± 9 Hz to 70 ± 10 Hz (n = 12, p < 0.001, One Way RM ANOVA followed by N-K test ). The effect of CNQX was not due to a change in the burst frequency, which was not affected by any of the blockers tested, consistent with previous results (Hayar et al. 2004a ). Moreover, it could not be explained simply by a hyperpolarization of the membrane potential, because we previously showed that membrane hyperpolarization actually increases the number of spikes/burst (Hayar et al. 2004a ). In addition, the effect of CNQX could not be a consequence of gabazine-induced change in network activity because similar changes in bursting properties were produced when CNQX was applied together with APV and gabazine (see above). Therefore, excitatory synaptic input that is mediated via non-NMDA ionotropic glutamate receptors may play a significant role in enhancing ET cell bursting by increasing the number of spikes/burst.
Discussion
The present results demonstrate that ET cell bursting is controlled and coordinated by both excitatory and inhibitory synaptic inputs, which strengthen and weaken bursting, respectively, by 
